Introduction Psychosocial stress is considered to be an important mechanism underlying smoking behavior and relapse. Thus, understanding the effects of acute nicotine withdrawal on responses to stress is important to intervene to prevent stressinduced relapse. The current study investigated the neural correlates of psychosocial stress during acute nicotine withdrawal in chronic smokers. Methods Thirty-nine treatment-seeking smokers were randomized to one of two conditions (abstinent 24 h (n = 21) or smoking as usual (n = 18)). They were then exposed to the Montreal Imaging Stress Task (MIST), a psychosocial stress task consisting of difficult mental arithmetic problems while receiving negative performance feedback while undergoing functional magnetic resonance imaging (fMRI). Results Subjective measures of stress increased following the MIST, compared to baseline. Whole brain between-group analysis identified significant activation clusters in four regions for the stress induction minus control contrast: inferior frontal gyrus (IFG), anterior/para cingulate cortex (ACC), precuneus, and supramarginal gyrus (SMG). In all regions, the deprived group showed significantly greater activation compared to the nondeprived group. No significant correlations were found between subjective stress and BOLD signal activation (ps > 0.07). Conclusions This study provides new evidence that brain regions previously shown to be predictive of relapse, such as the precuneus and IFG, display heightened neural responses to stress during nicotine deprivation. These data identify the brain regions that may be associated with withdrawal-related stress responses. Increased stress-related activation during nicotine withdrawal may identify those most vulnerable to relapse and represent a target for novel pharmacological intervention.
Introduction
Stress is considered to be a primary mechanism involved in smoking behavior (Koob and Kreek 2007; Sinha 2001 Sinha , 2007 . Evidence from preclinical studies, laboratory studies, and clinical trials supports a critical role for stress in the initiation, maintenance, and relapse to smoking behavior (al'Absi 2006; al'Absi et al. 2005; Shiffman et al. 1996; Sinha 2001) . Acute stress increases both cigarette craving (Buchmann et al. 2010 ) and the reinforcing properties of smoking (McKee et al. 2011) . Stress also predicts the ability to resist smoking in laboratory models of smoking relapse (al'Absi et al. 2005; McKee et al. 2011 ) and stressful events often precede relapse to smoking in real-world quit attempts (Shiffman et al. 1996; Shiffman and Waters 2004) . A greater understanding of the brain behavior relationship between psychosocial stress and Electronic supplementary material The online version of this article (doi:10.1007/s00213-016-4299-5) contains supplementary material, which is available to authorized users. smoking behavior will aid in the development of novel treatments to help more smokers quit.
Chronic smoking contributes to neuroadaptive changes in the hypothalamic-pituitary-adrenal (HPA) axis, brain dopaminergic system, and autonomic nervous system (Sinha 2007) . Smokers generally show blunted cortisol responses, relative to nonsmokers (al'Absi et al. 2003; Childs and de Wit 2009; Nakajima and Al'Absi 2014) , indicating that chronic nicotine exposure may reduce the body's adaptive response to stressful situations (Koob and Kreek 2007; Sinha 2008) . However, studies investigating stress during nicotine withdrawal have yielded conflicting results with studies reporting both heightened and blunted responses to stress during abstinence. Nicotine withdrawal may enhance the potency of external stressors, resulting in a heightened stress response such as increased blood pressure and cortisol levels (al'Absi et al. 2002; Vanderkaay and Patterson 2006; Wardle et al. 2011) . In contrast, others have found that nicotine withdrawal produces a blunted, or dampened, response to stress (al'Absi et al. 2003; Robinson and Cinciripini 2006) . Variability across studies may be attributed, in part, to different underlying mechanisms assessed by various stress induction paradigms as well as methodological differences that influence the efficacy of the stress manipulation. Neural measures of stress may be more sensitive to acute stress induced in the laboratory and therefore may provide insight into the mechanisms that underlie stress responses during nicotine withdrawal.
Dysregulation of adaptive stress responses can also be observed at the neural level. Neuroimaging studies have demonstrated that acute stress alters activation in prefrontal, limbic, and midbrain regions which are involved with the HPA axis regulation (Dedovic et al. 2009a; Li and Sinha 2008; Pruessner et al. 2010 ). Similar to behavioral and HPA axis indices of stress, varied patterns of stress-induced brain activation across studies may be attributed to differences between stress-induction paradigms. Script-driven imagery designed to evoke emotional stress increases activation in medial prefrontal cortex (PFC), anterior cingulate cortex (ACC), striatum, thalamus, hippocampus, and posterior cingulate cortex (PCC) (Li et al. 2005; Sinha et al. 2004 Sinha et al. , 2005 . Mental arithmetic stress tasks, such as the Montreal Imaging Stress Task (MIST), have reported that stress reduces activation in the hippocampus, amygdala, hypothalamus, and medial orbitofrontal cortex (Dedovic et al. 2005 (Dedovic et al. , 2009b ). Functional magnetic resonance imaging studies of the neural correlates of stress in non-deprived smokers reveal similar effects of mental arithmetic induced stress (Dagher et al. 2009 ).
Despite abundant evidence that stress predicts relapse to smoking, we do not yet know how nicotine withdrawal alters neural responses to stress. Examination of stress effects during early smoking withdrawal-a time when smokers are most vulnerable to relapse (Ashare et al. 2013; Hughes et al. 2004-may provide mechanistic insight into stress-precipitated smoking relapse. This functional magnetic resonance imaging (fMRI) study investigates neural responses to psychosocial stress during acute nicotine withdrawal in chronic smokers. Thirty-nine smokers were randomized to two groups: smoking as usual (nondeprived) or 24-h smoking abstinence (deprived) and underwent fMRI while being exposed to the MIST. Based on evidence that (1) nicotine withdrawal reduces cortisol levels (Cohen et al. 2004; Wong et al. 2014) , (2) blunted cortisol responses are associated with smoking relapse (al'Absi 2006; al'Absi et al. 2005) , and (3) among satiated smokers (Dagher et al. 2009 ) and healthy individuals , stress-related deactivation in limbic regions during the MIST is associated with increased cortisol responses ; we predicted deprived smokers (vs. satiated) would exhibit increased activation in brain regions associated with stress. We also explored the relationship between brain signal and subjective ratings of stress.
Materials and methods

Participants
Additional details regarding participants have been previously described (Falcone et al. 2014) . Briefly, this sample consisted of treatment-seeking smokers between the ages of 18 and 65 who smoked at least 10 cigarettes/day for at least 6 months. In addition to a physical exam and psychiatric assessment, the Shipley Institute of Living Scale (Zachary 2000) and Fagerström Test for Nicotine Dependence (FTND; Heatherton et al. 1991) were administered. Participants with a history of DSM-IVAxis I psychiatric or substance disorders (except nicotine dependence), assessed by self-report and using the mini international neuropsychiatric interview (Sheehan et al. 1998) , and those taking psychotropic medications were excluded. Other exclusion criteria included current use of chewing tobacco, snuff, or smoking cessation products; pregnancy, planned pregnancy, or breastfeeding; history of brain injury; left-handedness; fMRI contraindicated material in the body; low or borderline intelligence (<90 score on Shipley's IQ test); and any impairment that would prevent task performance.
Forty-two participants completed the MIST paradigm. Three participants were excluded due to excessive motion (mean relative motion >0.3 mm), resulting in a final sample of 39 smokers (deprived n = 21, non-deprived n = 18). Thirteen (33 %) participants self-reported Caucasian race and 17 (44 %) were female. On average, participants were 40 years old (SD = 13.3), had an average Shipley IQ score of 102.7 (SD = 8.0), smoked 15.1 cigarettes per day (SD = 4.3), and were moderately nicotine dependent (mean FTND = 4.8, SD = 1.4).
Procedures
All procedures were approved by the University of Pennsylvania Institutional Review Board, and all participants provided written informed consent. The main fMRI study (n = 79) included two within-subject blood oxygen leveldependent (BOLD) functional magnetic resonance imaging (fMRI) sessions, counterbalanced for abstinence and smoking condition (see Falcone et al. 2014) . When additional scan time was available, the stress paradigm was obtained on the second scan day, resulting in a sub-sample (n = 42) used for this between-subject study. Counterbalancing resulted in 21 deprived and 18 non-deprived participants in the second session. Those who completed the MIST did not differ on any demographic or baseline smoking characteristics from those who did not. Those in the deprived condition were asked to refrain from smoking for 24 h prior to the scan visit and those in the nondeprived condition were asked to smoke as usual. During the scanning session, those with a positive drug screen, a breath alcohol test >0.01, or a breath carbon monoxide (CO) test >9 ppm (abstinent session only) were excluded. Participants completed the Minnesota Nicotine Withdrawal Scale (MNWS; Hughes and Hatsukami 1986) and Questionnaire of Smoking Urges (QSU-Brief; Cox et al. 2001) prior to the fMRI scan. Following a short practice session to allow participants to become familiar with the task and response device, participants were escorted to the radiology clinic for the fMRI scan. Those in the non-deprived group smoked a single cigarette about 60 min prior to completing the MIST to standardize exposure.
Montreal Imaging Stress Task
The Montreal Imaging Stress Task (MIST) is a block design fMRI paradigm that requires participants to solve difficult mental arithmetic problems presented on the visual display (Dedovic et al. 2005) . There are three blocks of conditions (stress induction, control, rest) that are presented pseudo randomly. During the stress induction condition, the screen displays a virtual rotary dial for response selection, a feedback window (Bcorrect,^Bincorrect^or Btimeout^), and two performance indicators (Online Supplementary  Fig. 1 ): (1) individual subject's overall performance and (2) average performance of all subjects. In the stress induction condition, the time limit is dynamically calculated to be 10 % shorter than the subject's average required time on previous trials, and this limit is represented by a progress bar. Problem difficulty is increased or decreased based on the results (correct vs. incorrect) of the three previous trials. With these two variables, a range of 20 to 45 % correct performance is maintained in the stress induction condition. For the control condition, mental arithmetic is presented at a comparable level of difficulty but without time restriction, and neither individual nor average performance is displayed. On average, this results in an accuracy rate of 90 %. During the rest condition, the response interface is displayed but no problems are presented, and no response is required. The time between trials is varied as a function of the time limit imposed during the stress induction condition, and total number of problems presented per condition is similar. The task is administered in three 5-min runs composed of six pseudo random 50-s blocks (two per condition). After each run, participants are given scripted negative feedback regarding their performance on stress induction blocks (e.g., the subject must maintain a required minimum performance close to the average performance of all subjects if data are to be useful) (Dedovic et al. 2005) . After the session is completed, all participants are debriefed and informed that the task was designed to be difficult to perform and was not an accurate assessment of their ability to perform mental arithmetic. They were told that negative feedback was not related to their actual performance and included only to increase their stress level.
Subjective stress
The 11-item short form of the Profile of Mood States (POMS) was used to assess effects of the MIST on general mood disturbance or distress (Cella et al. 1987) . Items were rated on Likert-type scale ranging from 0 to 4 (not at all, a little, moderately, quite a bit, extremely) and included the following items: blue, discouraged, sad, bewildered, miserable, gloomy, weary, on edge, muddled, uneasy, and unhappy. A total mood disturbance score was computed by summing all items (Cella et al. 1987) . The POMS was administered in the scanner immediately prior to and after the MIST.
Image acquisition
All subject imaging sessions were acquired on the same scanner (Siemens Tim Trio 3 Tesla, Erlangen, Germany; 32 channel head coil) using a whole-brain, single-shot, multi-slice, gradient-echo (GE) echo planar (EPI) sequence of 168 volumes with the following parameters: TR/TE = 2000/30 ms, FOV = 220 × 220 mm, matrix = 64 × 64, flip angle = 72°, slices = 32, slice thickness/gap = 3.4 mm/0 mm, and effective voxel resolution = 3.4 × 3.4 × 3.4. Prior to fMRI, 5-min magnetization-prepared, rapid acquisition gradient-echo (MPRAGE) T1-weighted image (TR = 1810 ms, TE = 3.51 ms, FOV = 180 × 240 mm, matrix = 256 × 192, 160 slices, TI = 1100 ms, flip angle = 9°, effective voxel resolution of 1 × 1 × 1 mm) was acquired for anatomic overlays of functional data and to aid spatial normalization to a standard atlas space.
Image preprocessing BOLD time series data were preprocessed and analyzed by standard procedures using fMRI Expert Analysis Tool (FEAT version 5.98) of FSL (FMRIB's Software Library, Oxford, UK). Single subject preprocessing included skull stripping using BET (Smith 2002) , slice time correction, motion correction to the median image using MCFLIRT (Jenkinson et al. 2002) , high pass temporal filtering (120 s), spatial smoothing using a Gaussian kernel (6 mm full-width at half-maximum, isotropic), and mean-based intensity normalization of all volumes using the same multiplicative factor. The median functional volume was coregistered to the anatomical T1-weighted structural volume and then transformed into standard anatomical space (T1 MNI template) using FLIRT (Jenkinson et al. 2002; Jenkinson and Smith 2001) . Transformation parameters were later applied to all statistical contrast maps for grouplevel analyses.
Image quality assessment
Image quality assessment procedures examined the mean temporal signal-to-noise ratio (tSNR) for artifacts and poor quality. To assess excessive head motion, the root mean square (RMS) of relative volume-to-volume displacement was evaluated. Three subjects were excluded from analysis based on RMS >0.5 and tSNR <2SD.
Time series analysis
Subject-level statistical analysis was carried out voxelwise using FILM (FMRIB's improved general linear model) with local autocorrelation correction (Woolrich et al. 2001) . Two condition events (Bexperiment^, Bcontrol^) were modeled using a canonical hemodynamic response function. The rest condition acted as unmodeled baseline. Six motion correction parameters were included as nuisance covariates. Image analysis was completed for each individual in subject space, and resulting contrast maps (experiment vs. baseline, control vs. baseline, experiment vs. control) were spatially normalized as described above.
Between-group analysis
To characterize group differences, a between-group (deprived vs. non-deprived) t test of the stress induction minus control contrast was conducted. Resulting Z (Gaussianised F) statistic images were corrected for multiple comparisons using Gaussian random field theory (voxel height of z >3.10; cluster probability of p < 0.05) (Friston et al. 1994) . Appropriate anatomical assignment for clusters was determined using MNI coordinates for the peak voxel in each significant cluster. Brain signal is presented as percent signal change using standardized parameter estimates generated in the voxelwise GLM analysis described above. Mean percent signal change from each significant cluster was calculated using the featquery tool of FSL (FMRIB's Software Library, Oxford, UK). Separate linear regressions were used to predict BOLD signal from subjective measures of stress (pre-to post-MIST change score), controlling for sex and nicotine dependence.
Results
Participants and subjective measures
Demographic and smoking characteristic by group (deprived n = 21 vs. non-deprived n = 18) are presented in Table 1 . The groups did not differ on any demographic or baseline smoking characteristics. As expected, CO levels were higher among the non-deprived group (ps < 0.001). In addition, the deprived group reported more craving and withdrawal than the nondeprived group (ps < 0.001). Prior to the MIST, the groups did not differ on the POMS total mood disturbance score (p = 0.4). Across all subjects, the POMS total mood disturbance score increased from 7.9 (SD = 8.3) before the MIST to 15.8 (SD = 12) following the MIST (p < 0.001). However, the increase in POMS mood disturbance (post-MIST minus pre-MIST change score) did not differ between groups (p = 0.2). The whole brain between-group analysis (deprived > nondeprived) identified significant activation clusters in several regions: inferior frontal gyrus (IFG), anterior/para cingulate cortex (ACC), precuneus, and supramarginal gyrus (SMG) between the two groups ( Table 2 ). In all four regions, the deprived group showed greater stress-induced (experiment minus control) activation compared to the non-deprived group (Fig. 1) . No regions showed greater stress-induced activation for the non-deprived group. The one sample t test showing average patterns of activation for all subjects for the experiment vs. baseline, control vs. baseline, and experiment vs. control is depicted in Supplemental Tables 1 and 2 and Supplemental Figure 2 .
We also conducted an exploratory analysis to identify associations between BOLD signal changes in the significant clusters identified in the whole brain analysis above, and changes in POMS ratings pre-and post-MIST. The stressinduced increase in POMS total mood disturbance was not significantly associated with BOLD signal change in any region in the full sample or when each group was examined separately (ps > 0.07).
Discussion
This study provides new evidence that brain responses during stress differ during the early withdrawal period, compared to non-deprived. The whole brain analyses revealed four brain regions (IFG, ACC, precuneus, and SMG) that exhibited significantly greater activation changes in deprived smokers compared to those who were non-deprived. In both groups, the MIST task increased subjective ratings of distress, suggesting that the stress manipulation was successful and that manipulated smoking condition did not influence subjective stress responses (despite differences in neural responses between groups). Importantly, the brain regions identified as sensitive to acute nicotine withdrawal in the current study reveal a unique role of abstinence on the neural substrates of stress, which may shed light on the neural mechanisms that underlie stress-induced smoking relapse.
The stress response is comprised of different components (e.g., physiological, hormonal, neural), and it is possible nicotine withdrawal may have differential effects on the magnitude and direction of response for each component. For instance, some studies have found that smoking abstinence produces a blunted stress response (al'Absi et al. 2003; Robinson and Cinciripini 2006) , whereas others provide evidence that abstinence produces increased stress-related cardiovascular reactivity (al'Absi et al. 2002; Tsuda et al. 1996; Vanderkaay and Patterson 2006) and cortisol levels (Wardle et al. 2011) . We propose that our data support the latter view-that abstinence produced a heightened stress response-at least at the neural level. More importantly, the current findings revealed brain regions that may be particularly sensitive to stress during nicotine withdrawal. For example, a recent meta-analysis identified the IFG and SMG as brain regions activated during both psychosocial and physiological stress (Kogler et al. 2015) . We observed greater stress-induced neural responses among deprived, compared to non-deprived, smokers in the IFG and SMG. In a previous study of satiated smokers, stress produced deactivation in limbic (e.g., hippocampus, amygdala, nucleus accumbens) and frontal (e.g., ventromedial PFC, anterior cingulate cortex) regions and regions within the default mode network, such as the precuneus (Dagher et al. 2009 ). In line with these findings, we observed stressinduced deactivation in the precuneus among non-deprived smokers. Our study also suggests that, among deprived smokers, stress may suppress deactivation in the precuneus. Although this pattern of activation must be considered relative to the non-deprived group, these novel findings highlight brain regions that exhibit differential patterns of stressrelated activation which may be specific to nicotine withdrawal.
Although some brain regions may be uniquely responsive to stress, many cognitive processes share common neural substrates (Li and Sinha 2008) . For instance, in addition to stress, (Hampshire et al. 2010) , and suppression of intrusive thoughts (Kuhn et al. 2013 ). Precuneus activity is thought to be associated with self-referential thought (Cavanna and Trimble 2006) , and this activity must be suppressed in order to exert effortful control over behavior (Raichle et al. 2001) . Likewise, deactivation of the SMG (BA 40) may be related to inhibition of irrelevant cognitive processes (Fink et al. 2009; Wu et al. 2015) . Therefore, we speculate that the stress-induced increase in BOLD signal change in the SMG, IFG, and precuneus may be attributed to difficulty suppressing intrusive thoughts as a result of negative feedback during the stress condition. It should also be noted that these findings were specific to the deprived group. Importantly, increased activity in both the precuneus (Chua et al. 2011 ) and the IFG (Berkman et al. 2011 ) is associated with smoking relapse, highlighting the importance of our findings that deprived smokers demonstrated increased activity in these regions during stress. In addition to the importance of suppressing task irrelevant or intrusive thoughts, stress-related decreased activity in regions important for maintaining cognitive control (e.g., ventromedial PFC/anterior cingulate cortex and medial PFC) predicts relapse to drug use (Janes et al. 2010; Seo et al. 2013) . Indeed, increased working memory-related activity in the PCC, a region that is typically deactivated during goaldirected behavior, is also associated with smoking relapse (Loughead et al. 2015) . As noted above, the IFG may also play an important role in inhibitory control and the execution of a planned behavior (Hampshire et al. 2010) and may be activated when salient cues are identified (Kuhn et al. 2013) . Activity in the ACC has also been shown to increase in response to smoking cues (Janes et al. 2015) as well as during behavior monitoring (e.g., response conflict and error processing) (Luijten et al. 2014) . Although the stress-induced increase in BOLD signal was a relative increase, the effect of the stress manipulation was specific to those in the deprived group. These patterns of activation suggest that stress may reduce the ability to exert effortful control over behavior, including drug use.
When comparing our findings to previous studies, it is important to take into consideration the type of stress manipulation employed. Although physiological and psychosocial stressors activate common regions, such as the IFG, different stress inductions may produce unique patterns of activation. For instance, physiological stress might elicit stronger activation in the dorsal striatum whereas the superior temporal gyrus may be more strongly activated during psychosocial stress (Kogler et al. 2015) . Emotional stress may produce increased activation in frontal-limbic regions including the ventromedial PFC, ACC, dorsal striatum, amygdala, and hippocampus (Li and Sinha 2008; Seo et al. 2013) . The current study utilized the MIST, which is often considered to be an index of psychosocial stress (Dedovic et al. 2005 (Dedovic et al. , 2009a . However, it also important to note that during the MIST, subjects receive negative feedback about their performance (e.g., B…you are doing worse than an average user^), and this evaluative component may also be related to emotional stress (Dedovic et al. Fig. 1 Whole-brain betweengroup (deprived > non-deprived) t test of the stress induction minus control contrast. Clusters (orange/ yellow) are corrected for multiple comparisons (Z>3.1 and probability of spatial extent p < 0.05). In all clusters change in BOLD signal is greater in the deprived group compared to the non-deprived group. SMG supramarginal gyrus, IFG left inferior frontal gyrus, ACC anterior/para cingulate cortex 2005; Lazarus 1993). Indeed, our whole brain analysis identified the ACC, which is involved with the regulation of emotion (Li and Sinha 2008) , as an important region during withdrawal-related stress (Dedovic et al. 2005 (Dedovic et al. , 2009b . Although other regions identified in our study were not identified in previous MIST studies, our study was designed to detect brain regions that were sensitive to the effects of stress during acute nicotine withdrawal. Future studies should examine whether different stress tasks identify unique brain regions during nicotine withdrawal.
This study has several limitations. We did not assess cigarette craving following the MIST nor did we obtain a physiological measure of stress during the scan, such as cortisol. In addition, stress-induced POMS scores did not correlate with neural activity, which may have partially been due to the timing of our assessments (i.e., there was an approximately 10 min delay between the end of the MIST and the post-MIST POMS assessment). Previous studies of the MIST have characterized individuals as Bresponders^and Bnonrespondersâ ccording to individual differences in stress-induced changes in cortisol (Dedovic et al. 2005 (Dedovic et al. , 2009b . In general, only responders exhibit changes in brain activation during the MIST. We were interested in identifying brain regions that were sensitive to differences between deprived and non-deprived smokers and have no reason to suspect that group differences in smoking status would vary depending on individual cortisol responses. Although we observed subjective increases in stress during the MIST supporting the validity of the stress induction, the fact that the POMS items were all negative (e.g., blue, discouraged, sad) may have produced a response bias. Thus, future work should incorporate physiological indices of stress to evaluate relationships between abstinence effects on cortisol and corresponding changes in brain activity. Second, because the smoking status condition was between-subject, our sample size was too small to evaluate whether stress-induced brain activation was related to smoking relapse. Previous studies have found sex differences in the neural substrates of stress (Potenza et al. 2012; Seo et al. 2011 ) and in the relationship between stress and relapse (al 'Absi 2006; al'Absi et al. 2015) . Here, our small sample size precluded our ability to test whether stress-induced changes in brain activity differed by sex. Thus, future studies should evaluate individual differences and employ prospective designs to evaluate whether stress-induced alterations in brain activation predict smoking relapse.
In summary, this study provides new evidence that neural responses to stress differ among deprived, compared to nondeprived, smokers. Deprived smokers demonstrated increased activation in brain regions that typically are suppressed when engaged in goal-directed behavior. Our findings suggest that nicotine withdrawal may reduce the ability to exert control over effortful behavior during stress. All smokers reported subjective increases in stress following the MIST, further supporting the sensitivity of neuroimaging tools to detect abstinence effects. The current study sheds light on the neural mechanisms that may underlie withdrawal-related stress responses-a known predictor of smoking relapse (al'Absi 2006; al'Absi et al. 2005; Shiffman et al. 1996; Sinha 2001) . Our findings provide further evidence that stress-related neural responses specific to nicotine withdrawal may represent targets for attenuating stress responses during abstinence. Specifically, treatments designed to enhance the ability to suppress self-referential thought in order to maintain control over behavior may ultimately improve abstinence rates. Future work could directly test this hypothesis. 
